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VIII.— AN EXPERIMENTAL PROOF OF THE LAW OF INVERSE
SQUARES FOR SOUND.

By William W. Jacques.

Presented, May 10, 1876.

There is every dynamical reason for believing that the intensities

of light, heat, and sound, diminish as the reciprocals of the squares

of the distances from their origins.

That this is true of light and heat has been demonstrated experi-

mentally. The case of sound, however, has only been put to the test

in experiments so crude as not at all to warrant the assumption of the

law on experimental grounds.

The following method (which was suggested by the reading of Pro-

fessor Mayer’s paper in the “American Journal” for January, 1873)

ranks in its degree of accuracy with those which have been applied to

the verification of this law in the cases of light and heat. It depends,

primarily, on the principle, that, when a particle of air is solicited by

two equal and opposite forces, it will remain at rest.

If two resonators, adjusted so as to resound with equal intensity, be

placed equally distant from an organ-pipe, and connected by tubes

with the two prongs of a fork-shaped tube in such a way that the

sound-wave from one resonator shall arrive at the fork in opposite

phase to that from the other, we shall have this condition ;
and, if the

stem of the fork be placed in the ear, no sound will be heard. If, in

place of one of these resonators, we put two, each of the same inten-

sity as the first, both connected with the same prong of the fork, we

may, by moving them farther from the source of sound than was the

single resonator, at the same time altering the length of the tubing so

that the wave from the single one shall arrive at the fork in opposite

phase to that from the pair, produce the same effect of complete inter-

ference. If the law of inverse squares holds true, the distances of the

single resonator from the source of sound should be to the cor-
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responding distance of the pair as 1 1 \/2 . If three resonators be
opposed to one, the distances should be 1 :V3 ; if four resonators,

1 : V^4 or 1:2, &c.

It will be seen that the accuracy of the above method depends

upon the following conditions :
—

1st, That the resultant wave from the combination of two resonators

has twice the intensity of that coming from one.

2d, That the decrease in intensity of a sound, in passing through a

tube, is inconsiderable.

3d, That the intensity of resonance is proportional to the intensity

of vibration at the mouth of the resonator.

Let us first see the arrangement of the apparatus used, and then

determine how nearly these three conditions are satisfied.

As a source of sound, a C
3
closed organ-pipe was used, blown by a

stream of air from a large gas-holder having an arrangement for keep-

ing the pressure constant. The pipe was mounted on a small standard,

raised some four feet above the floor, so that the sound-waves pro-

duced might have opportunity to diverge equally in all directions. At
a measured distance from the embouchure of the pipe were placed

two resonators, each cylindrical in shape, and capped with a hemi-

sphere at one end, through which ran a tube £-in. in internal diameter,

and at the other end with a flat plate, in which was a circular aper-

ture of 1.5-inch diameter. The resonators were telescoped, so as to be

readily adjusted for pitch and intensity. From the small tubes of the

pair of resonators pieces of rubber tubing led to the two prongs of a

forked brass tube, in which the waves from the two resonators came
together, and augmented each other. From the stem of the fork

another tube led to one arm of the trombone interference apparatus of

Herschel. The third resonator was placed at an appropriate distance

from the embouchure of the pipe, and so arranged that it could be

moved to or from the pipe, and, at the same time, one arm of the

interference apparatus could be moved to compensate for the change in

phase due to such motion. From the small opening of this resonator

a rubber tube extended to the other arm of the interference apparatus
;

and in this tube was inserted a brass fork precisely like that used for

the pair of resonators, excepting that one of its arms was stopped, so

that the conditions of reflection for this wave might be as similar as

possible to those from the pair of resonators. If all these conditions

of reflection be the same, it follows that two resonators give twice as

great an intensity as one placed at the same distance from the source

of sound.
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The second condition, that the decrease in intensity in passing

through a tube is inconsiderable, is abundantly proved by the experi-

ments of Biot and Regnault in water-pipes. The third condition,

that the intensity of resonance varies directly with the intensity of

vibration of the air just outside of the resonator, seems not to be sus-

ceptible of experimental proof, excepting on the assumption of the

law of inverse squares.

There seems, however, to be no cause for any considerable varia-

tion from this ratio : and if, upon trial, we find that the law does hold,

it is reasonable for us to conclude that the variation of resonance is

proportional to the intensity
; for it is extremely improbable that there

would be two errors which would exactly counterbalance each other.

The resonators having been adjusted so as to resound with equal

intensity by comparing them two at a time on the interference appa-

ratus, it was only necessary to connect three resonators as described

above, so that the resultant wave should act on the air contained in the

tube which enters the ear. Keeping now the pair of resonators in a

constant position, and moving the single resonator and one arm of

the interference apparatus until the resultant sound is at its minimum

intensity, the relative distances should be V^2: 1.

Below are given several series of readings of the distance of the

single resonator from the source of sound. The first three columns are

the results of experiments made in front of the pipe, the pair of reso-

nators being placed at a distance of 142 cms. from the embouchure.

The resonators were lettered, for convenience, A, B, and C ; and the

three series of readings are the results of opposing successively A to B
and C, B to A and C, and C to A and B. In the last three columns

are given the results of similar measurements behind the pipe, the

embouchure being still taken as the source of sound, and the pair of

^
resonators being distant 177.5 cms.

At the bottom of the table the means are compared with the calcu-

'7 lated positions of the single resonator.

I
The mean of the means of the first three columns is 100.3 cm;

which differs from the theoretical by only 0.3 cm. The mean of the

last three is 128.2, giving a difference from theory of 3.2 cm.

An inspection of the following table shows us, that, assuming the

embouchure of the pipe as the source of sound, in front of the pipe

the law of inverse squares holds almost exactly true : behind the pipe

there is a slight difference. Theoretical considerations of the way in

which the sound-waves are given off from a closed pipe would lead us

to expect an error of this kind. The error due to the experiments
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being conducted in a hall was probably inconsiderable, as the hall was

92 feet long and 65 feet wide ; and, moreover, the windows were

partially open. It should be remarked, that bringing the resonators

too near the pipe introduced an error of a nature and magnitude which

indicated that for a sound of considerable intensity the resonance

was not proportional to the intensity of sound at the mouth of the

resonator
;

but this exception only serves to prove the rule for the

case of moderate intensity.

A opp.
to B & C.

B opp.
to A & C.

C opp.

to A & B.
A opp.

to B & C.

B opp.

to A & C.

C opp.
to A & B.

cm. cm. cm. cm. cm. cm.
99 102 100 128 128 128
100 100 99 129 127 131

100 100 103 129 128 133
101 100 99 129 128 131

99 102 101 125 127 132
99 99 99 127 129 127
100 100 104 125 129 128
101 103 100 127 129 129
100 104 100 126 129 126
98 103 100 129 128 126

101 100 101 128 129 127
99 100 100 128 127 127
99 101 100 128 129 128
100 101 99 128 128 129
98 100 101 128 126 124
100 102 100 132 124 129

Mean = Mean = Mean = Mean = Mean = Mean =
99.6 101.0 100.4 128.4 128.5 127.8

Theor. — Theor. = Theor. = Theor. = Theor. = Theor. =
100.0 100.0 100.0 125.0 125.0 125.0

It is true that these experiments do not furnish an exact proof of

the law of inverse squares for sound
; but we have not an exact proof

of the same law in the cases of light and heat. All that we can say

of any of them, on experimental grounds, is, that they are very

approximately true.

The above experiments show that we may make this assertion for

sound on as valid experimental grounds as for light or heat.
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IX. — DIFFRACTION OF SOUND.

By William W. Jacques.

Presented, May 10, 1876.

The following experiments were made in order to test the possibility

of applying to our atmosphere the principles of Fresnel and Huyghens,

which, in their application to the ether, have been attended with such

fruitful results.

There seems to be no a priori reason why th,e particles of air, form-

ing, as they do, a medium which, so far as the transmission of wave

motion is concerned, is essentially similar to the ether, should not be

so acted upon as to produce the interferences known in optical science

as diffraction fringes. The following experiments bear upon this

point.

The apparatus was so arranged, in the first course of experiments,

as to give the best conditions for the study of external fringes, or those

produced outside of the geometric shadow of a sharp edge, on which

sound waves, diverging from a centre, were allowed to fall.

In the second course, similar waves were made to impinge upon an

isolated narrow obstacle, and so to give rise to a system of interior

fringes.

All other phenomena of diffraction may be classed as particular

cases of one or the other of these two kinds.

First series. A board one hundred and fifty centimetres wide was

placed at right angles to, and in contact with, the side of the hall. One

hundred and fifty centimetres from the edge, in a line at right angles to

the plane of the board, was placed a B
4
stopped lead organ pipe. On

the other side of the board, a system of co-ordinates was established

by means of light wooden rods, running parallel and perpendicular to

the board ;
these rods being divided into centimetres, it became very

easy to locate the points of interference by referring them to these

co-ordinates, and so to trace out the bands of interference.

In order to distinguish these bands, I first tried applying my ear to

different points along one of the rods ; but they were not sufficiently

well marked to make them apparent to the unaided ear. I theu

arranged a resonator, of proper size to resound to the pipe, to slide

along the rod; connecting this, by a piece of firm rubber tubing, with

the canal of my ear. The other ear I lilled first with cotton, and then

with putty ; so that it was entirely deaf to all sounds. I was thus eu-
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abled to annul the effect of every sound but that which was re-enforced

by the resonator. Moving now the resonator along the rod, I was able

distinctly to mark points of maximum and of minimum intensity, which,

in general, coincided with the positions which these bands should

occupy as calculated by formulae essentially similar to those applied

in the diffraction of light.

In the first experiments, a number of quite serious difficulties were

encountered. Perhaps the most important was that due to the fatigue

of the sense of hearing, in consequence of which a maximum was

estimated before it actually occurred. By alternately opening and

closing the mouth of the resonator with the finger many times in

quick succession, however, and by taking a reading by first moving the

resonator in one direction, and another by moving it in the other, it

became possible to set it with considerable accuracy, the differences

being, generally, only a few centimetres. Another difficulty was met

with in the shape of a distinct band of interference, seeming to have no

connection whatever with the other bands, and following quite a different

law. Upon tracing it out, however, it was found to be due to an

interference of the direct wave with the wave reflected from the gas-

holder used to blow the pipe. Upon covering the holder with a cloth,

this was very much diminished : and, upon removing the holder, the

interference band disappeared altogether. There seemed to be slight

evidences of nodes and loops formed in the hall, as in an organ pipe

;

these, however, were very indistinct indeed, and were probably not a

source of error. An attempt was made to use the manometric flame

and revolving mirror to determine the points of most complete inter-

ference, but the difference in effect upon the flame was so slight as to

render this method entirely impracticable.

In fact, the phenomena of diffraction can be studied only by the

closest attention with the ear, and the ear is certainly far more delicate

than any instrument of this kind that has ever been constructed. A
very pure note, and one of constant intensity was necessary for the

best results, and these were obtained by blowing the pipe with a

stream of air from a gas-holder, having an arrangement for keeping

the pressure constant.

Second series. The same board was set up near the middle of the

hall. Two hundred centimetres from its middle point, on one side,

was placed the pipe used in the preceding experiments. On the other

side was arranged a system of co-ordinates within the sound shadow.

The method of determining the points of interference was the same as

in the first series ; excepting that only the bands of minimum intensity
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were noted. The whole phenomenon was less distinctly marked than

in the case of a single edge ; and the bands of maximum intensity

were not definitely recognizable. It was only with careful attention

that even the bands of minimum intensity could be discovered.

Below are given tables showing the observed and theoretical co-

ordinates of the points of interference noted. Table I. is the case of

diffraction from a single edge, and Table II. from a narrow obstacle.

In Table I., the first column gives the distances from the edge of

the board measured perpendicularly to its plane : the second and

third columns give the observed and calculated abscissas corresponding

to these ordinates, for the points of maximum intensity noted ;
and

the fourth and fifth columns the corresponding values for the points of

minimum intensity.

In Table II., the first column gives the distances from the middle of

the board ; the second and third, the observed and theoretical ordi-

nates of the first curve of minimum intensity
;
and the fourth and fifth

columns, the ordinates of the second curve,— all to the right of the

middle line
; the sixth, seventh, eighth, and ninth give corresponding

values for the two curves to the left of the middle line.

TABLE I.

Distances.

Curve of Max. Intens. Curve of Min. Intens.

Obs. Theor. Obs. Theor.

cm. cm. cm. cm. cm.

100 91 88 129 148

150 120 115 196 200
200 142 144 . 235 250

TABLE II.

Dis-

tances.
Obs. Theor. Obs. Theor. Obs. Theor. Obs. Theor.

cm. cm. cm. cm. cm. cm. cm. cm. cm.

100 18 19 52 59 17 19 49 59
150 22 25 68 74 21 24 69 74
200 24 30 80 87 24 28 75 89
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The theoretical values in the above tables were obtained by a

graphical solution, as the formulae, after undergoing the changes

necessarily made, because of the sound waves being of considerable

magnitude, became quite cumbersome, and extreme accuracy was not

required. The value of l was carefully determined and properly

corrected for temperature.

It should be remarked that all of the above experiments were made
in the large hall of the Institute, a room 92' by 65'.

The phenomena of the diffraction of sound are not so distinctly

marked as those of the diffraction of light. An examination of the

tables, which are the results of a most careful series of observations,

show that we are not warranted in accepting them as a basis for such

excellent further work as has been done in the case of light. It is

quite possible, of course, to calculate, from the positions of the fringes,

the values of l and therefore of V ; to determine the temperature of the

room in which the experiments are carried on; or, given these quan-

tities, to deduce the values of physical quantities which are intimately

connected with the propagation of sound, and to determine acoustic

quantities analogous to those similarly deduced in physical optics : but

the method is difficult, uncertain, requires the use of a large hall,

physical annoyance to the observer, and, above all, is not susceptible of

the desired degree of accuracy.

Their chief value seems to lie in their reactive effect on physical

optics. In acoustics we are sensibly aware that we are dealing with

waves propagated in an elastic medium. These waves may be felt

and even seen.* Finding similar effects in optics to those here

observed, we immediately refer these similar effects to similar causes,

and so place our explanations of the diffraction of light and of the

various cases of ethereal interference on a much firmer basis. The

experiments show, too, that the principles of Fresnel and Huyghens,

announced for the ether, are also applicable to our atmosphere.

* Expts. of Topfer. Pogg. Ann. 1867.


